The plasma membrane calcium pump (PMCA) is the only active Ca 2+ transporter in human red blood cells (RBCs). Previous measurements of maximal Ca 2+ extrusion rates (V max ) reported only mean values in the RBC population. Despite early evidence for differences in Ca 2+ extrusion capacity among RBCs, the precise V max distribution remained unknown. It was important to characterize this distribution to assess the range and modality (uni-or multimodal) of PMCA V max variation and the likelihood of RBCs with elevated [Ca 2+ ] i in the circulation participating in physiological and pathological processes. We report here the application of a new method to investigate the detailed distribution of PMCA V max activity in RBCs. The migrating profile of osmotic lysis curves was used to identify and quantify the fraction of cells which extrude a uniform Ca 2+ load at different rates. The results revealed that RBCs from single donors have large variations in PMCA activity which follow a unimodal, broad distribution pattern consistently skewed towards higher V max values, suggesting an excess of cells with V max higher than the mean value. The method applied may provide a way of evaluating whether the observed variation in PMCA V max is related to cell age. On the other hand, in those RBCs with a pump V max higher than the set Ca 2+ influx and with a glycolytic capacity to match ATP consumption by the pump, pump-leak balance would maintain [Ca 2+ ] i at levels below pump saturation, in the micromolar or sub-micromolar range.
-sensitive K + channel (the "Gardos" channel, [7] [8] [9] ). Hoffman et al., 10 recently
showed that the isoform hSK4 represents the small conductance Gardos channel of human
RBCs. In conditions with elevated [Ca

2+
] i , Gardos channel activation causes rapid net loss of KCl and water, leading to irreversible cell dehydration. Elevated [Ca 2+ ] i has also been implicated in the activation of cell proteases and in the cross-linking of cytoskeletal proteins, with cumulative effects on cell ageing and viability [11] [12] [13] [14] [15] .
The first indirect evidence of substantial cell-to-cell variations in PMCA V max arose when Tiffert et al. 16 examined the dehydration response of RBCs uniformly permeabilized to Ca 2+ with the ionophore A23187. As Ca 2+ influx into RBCs was progressively increased by increasing the ionophore concentration in a stepwise manner, RBCs suspended in plasma-like media dehydrated following an all-or-none rather than a graded pattern: instead of all cells dehydrating at progressively faster rates -as expected with a uniform response -only a fraction of RBCs dehydrated, and this fraction increased with increasing Ca 2+ influx. Further experiments showed that Gardos channel activity among the RBCs was fairly uniform and 3 could not have accounted for this all-or-none pattern 17 . These results suggested that uniform ] i at levels below pump saturation, in the micromolar or sub-micromolar range.
More recent work provided additional evidence for V max differences among RBCs 21, 22 .
However, the actual distribution of PMCA V max among RBCs has never been directly investigated.
We report here an investigation of the distribution of PMCA V max in normal RBCs, using a new method developed ad hoc. The results exposed a broad unimodal variation of Ca 2+ pump activity among RBCs from single donors, with a large coefficient of variation and a right skewed V max distribution. The significance of such a distribution is discussed. addition and sampling for X.
Solutions
The two basic solutions used (to which specific additions were made, as noted) were (i) "HK" When radioactive 45 Ca was used, the specific activity was set between 10 7 and 2 x 10 8 cpm/µmol. All additions were done from stock solutions at least 100-fold more concentrated than in the final solutions or cell suspensions.
Preparation of cells
Venous blood was drawn from healthy volunteers into heparinized syringes after obtaining -containing cells, the RBCs were washed once by centrifugation and resuspension in 10 -12 ml of LK+EGTA medium, and the cell pellet was finally resuspended in 1 ml LK+EGTA. The wash and dilution reduced external 45 Ca to near background and rendered ~ 1 ml of a 5 % Hct suspension for each sample, whose intracellular 45 Ca distribution was maintained from the time of sampling. Of this, 0.1 ml were centrifuged for 15 s in 1.5 ml microfuge tubes, and after discarding the supernatant the cell pellet was resuspended in 0.6 ml of 6 % trichloroacetic acid (TCA) and centrifuged again. From the clear TCA supernatant, 0.5 ml was taken for scintillation counting of 45 Ca to estimate [Ca T ] i (Fig 3a) . 8 The remaining 0.9 ml of each sample were used for osmotic lysis curves (see below), after which the Hb and 45 Ca 2+ released by hypotonic lysis was determined for each of the 12 different microwells.
Osmotic lysis curves:
A solution containing 155 mM NaCl and 2 mM HEPES -Na, pH 7.5 at room temperature, iso-osmotic with the HK and LK solutions, was diluted with a medium containing only 2 mM HEPES-Na to render 12 "lysis" solutions with the relative tonicities (RT) indicated in the figures. 250 µl of each of these lysis solutions were delivered into each of the eight wells of columns 1 to 12 of 96 x round-bottom microwell plates. 0.5 to 0.7 ml of the 0.9 ml 5% Hct sample were placed in a grooved container and, using a multichannel pipette, Fig 4) differed from the first in that the original cell suspension was divided in two, one for measuring the mean V max of the PMCA by the Dagher-Lew method 6 using low specific activity 45 Ca(Ca 2+ ) (Fig 4a) , the other for measuring lysis curve migration with high time-resolution in tracer-free conditions (Fig 4b) . Except for the presence of tracer 45 Ca in the aliquot for measurement of the mean V max , the load extrusion protocol was the same for both suspensions. Samples for lysis curves (0.5 ml) from the tracer-free suspension were drawn at 10 second intervals after cobalt addition and processed as described above, except for the TCA treatment.
Results
We first tested the assumptions made for the experimental design shown in Fig 2: (dashed line in Fig 2a) , and (iii), that the vertical migration of the quasi plateau region of hemolysis curves (Fig 2b) reports the progressive fraction of RBCs that have fully extruded the imposed Ca 2+ load.
A typical result is shown in Fig 3 and Tables 1 and 2 The losses of Hb and Ca 2+ induced by hypotonic lysis (Table 1 These findings indicate that during PMCA-mediated Ca 2+ extrusion of a uniform Ca 2+ load, a 10 large and progressive heterogeneity of Ca 2+ contents is generated among the RBCs, which must be attributed to cell-to-cell differences in PMCA V max .
In Fig 3c, . A slope of one was also obtained from samples drawn just before cobalt addition.
Though not unexpected, since the 45 Ca distribution was uniform at that stage, the result is important because it confirms an important assumption, that hypotonic swelling of cells to pre-lytic states, as must take place within all the microwells with hypotonic media, does not increase their Ca 2+ permeability 18 .
The [Ca T ] i level at which Gardos channels deactivate was estimated from the analysis in Table   2 (from selected data in Table 1 ). Note that for each of the time points of partial Ca 2+ extrusion in The results show a broad distribution of PMCA V max values with a right skewed appearance.
A symmetrical Gaussian distribution curve (Fig 4d, dotted line) 
Discussion
The results presented here provide the first detailed description of the distribution of PMCA V max activity in normal human RBCs. This distribution characterizes the differences in Ca 2+ extrusion capacity amongst RBCs but carries no information on whether these differences result from disparities in the number of pumps, in the fraction of active pumps, in the factors controlling the turnover rate of the pumps in each cell, in a differential response of the two pump isoforms, or in a combination of these.
Earlier findings had indicated the existence of differences in Ca 2+ pumping rate among RBC subpopulations, but the actual pattern and extent of variation was unknown. The present results
show that there is a large variation in PMCA V max among RBCs from single donors, and that this variation follows a unimodal, broad distribution pattern with a consistent positive skewness towards higher V max values, suggesting an excess of cells with V max higher than the mean value. The apparent range of V max variation measured in the five experiments of this series was six-to nine-fold. However, it should be noted that, whereas the method can detect the early upward deflections in hemolysis curve profiles with high sensitivity (Figs 4b and 4c What might be the origin of this unusual distribution? Does it represent a static, constitutive feature of mature RBC populations, generated during normal "production line" erythropoiesis, or is it a dynamic, age-related property, with an age-declining pattern? In other words, are
individual RBCs "born" with the V max activity they will sustain throughout their ~ 120 days in the circulation, or does PMCA V max decline with age? At present, there is no conclusive evidence to distinguish between these two alternatives, and results of earlier experiments 14 testing variations in Ca 2+ pump V max in density-fractionated RBCs were conflicting 21, 33, 34 .
If PMCA V max does decline with RBC age, the pattern would appear to differ from that of most other RBC transporters. In the transition from reticulocyte to mature RBC, the ion transport mediated by the sodium pump and the KCC symport become substantially reduced within the first two-to-three days in the circulation [35] [36] [37] [38] [39] . On the other hand, there is no evidence of early decline in PMCA activity from reticulocyte to mature RBC 40 . In the context of the age-decline hypothesis, the broad PMCA V max variation pattern points towards a progressive fall in pump is the total calcium content of the cells 25, 48 . Thus, normal RBC [Ca T ] i levels are hardly detectable, among the lowest of any cell in nature [49] [50] [51] . At sufficiently high ionophore concentrations (usually > 10 µM in 10 % hematocrit RBC suspensions) and appropriate 1min  2min 30s  3min  3min 10s  3min 20s  3min 30s  3min 40s  3min 50s  4min  4min 10s  4min 20s  4min 30s  4min 40s  4min 50s  5min  5min 15s  5min 30s  5min 45s  6min  6min 15s  6min 30s  6min RBCs from the same batch as those used for the V max measurements reported in Panel a underwent the load-extrusion protocol without 45 Ca tracer, and were sampled for hemolysis curves at the indicated times after ionophore addition (the number of curves exceeded the repertoire of available symbols in the software used leading to cyclic repetition; however, the bottom up sequence can be followed unambiguously). All samples were post-incubated in LK medium. There was a monotonic upward progression of the curves with time, from the fully dehydrated pattern (1min point) to the fully recovered pattern (7min point). (Fig 3a) , and are representative of the ranges found in three similar experiments. The results in the Table may be read and interpreted as illustrated in the following example using the 5 min data: At 5 min, in the plateau region of relative tonicities (25 to 45 %, 
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